The unicellular red alga Cyanidioschyzon merolae is tolerant of high levels of several different metal ions. Cells of the alga cultured with divalent or trivalent metal ions at 10 mM contained elevated concentrations of each metal. The highest tolerance was shown for Al followed by Fe, CuϾNiϾZnϾMn. The viability and morphology of the cells were investigated for different periods of time after metal addition. In contrast to land plants, C. merolae exhibited a very high tolerance to metal ions, but the response varied according to the metal ion added. In particular, Mn, Zn and Ni ions affected the structure and function of the chloroplast, and markedly reduced the cell viability. Nevertheless, the tolerance of C. merolae to metal ions is the highest among reported eukaryotic cells. Cellular mechanisms for detoxification or defense against metal ions must be well developed in this alga.
The unicellular red alga Cyanidioschyzon merolae is an organism that grows in acidic hot springs (45°C) at a pH of 1.5. It is considered to be one of the most primitive algal species , Matsuzaki et al. 2004 , Nozaki et al. 2007 . The alga has a simple cellular structure, with each cell having one nucleus, one mitochondrion, and one plastid plus other organelles, such as a Golgi body, endoplasmic reticulum, a microbody and a few lysosomes (Kuroiwa et al. 1994 , Misumi et al. 2005 ). The nucleus, mitochondrion and plastid genomes of this species have been completely sequenced, representing the first algal genome (Matsuzaki et al. 2004 , Nozaki et al. 2007 , Ohta et al. 2003 . Ionization of a variety of metals is facilitated in strongly acidic aquatic environments. Thus, given its habitat, C. merolae is likely to exhibit a high level of tolerance to these metal ions when compared with other eukaryotic organisms.
Cyanidium caldarium, a close relative of C. merolae, also has a high level of tolerance to various metal ions , Ahlf 1988 , Yoshimura et al. 2000 , Nagasaka et al. 2004 . Electron microscopy has revealed that C. caldarium cells contain electron-dense bodies within their cytoplasm (Kuroiwa et al. 1994 , Nagasaka et al. 2002 . Energy dispersive X-ray analysis and electron spin resonance spectrometry have indicated that these bodies included high levels of metal elements when cells are cultured in the presence of an excess of metals (Nagasaka et al. 2002 (Nagasaka et al. , 2004 . C. merolae like C. caldarium belongs to the extremophilic Cyanidiales. It shares the same photosynthetic pigments and ecological niche with C. caldarium and Galdieria sulphuraria. In this study the adaptation mechanism of the eukaryotic cells to metal ions was investigated by examining the effects of metal ions on cells of C. merolae and of the model land plant Arabidopsis thaliana.
Materials and methods

Culture conditions and metal treatment
C. merolae was pre-cultured autotrophically in 2ϫ Allen's medium (1959) 4 . The cells of the middle log phase were collected and diluted 5 times by volume with the medium, and then transferred to 50 ml polypropylene tubes containing the medium with each metal included. For metal treatment, AlCl 3 , FeCl 3 , CuSO 4 , ZnSO 4 , Ni(NO 3 ) 2 , or MnCl 2 was added to the medium at a concentration of 10 mM. The algae were cultured in 50-ml sampling tubes at 42°C under continuous light with shaking.
Leaf discs (4.5 mm diameter) of A. thaliana punched out from the leaves of 21-week-old plants were subjected to the same metal treatment (see above). A. thaliana was treated in MS medium (pH 5.8).
Short term treatments (48 h) were carried out for comparison of C. merolae and A. thaliana, whilst the tolerance of C. merolae was investigated over longer time periods (40 to 70 d). Control cultures, without addition of metals, were used for comparison.
Determination of chlorophyll content
After cultivation in the metal-treated medium, C. merolae cells were collected using centrifugation. To remove metals associated with any remaining culture medium, the cells were resuspended in dilute 2ϫ Allen's medium (pH 2.3) and centrifuged again. The cells were suspended with 80% acetone to extract the chlorophyll from chloroplasts. The chlorophyll contents were determined according to the method of Porra et al. (1989) . The chlorophyll of metal treated leaf discs of A. thaliana was measured using the same method after grinding by pellet mixer.
Results
Short-term metal treatment (48 h) provided a comparison of metal tolerance in C. merolae and leaf disks of A. thaliana. Although, within 48 h, there was almost no influence on the amount of chlorophyll in C. merolae (Figs. 1A, B) , reduction in chlorophyll levels in almost all leaf disks of A. thaliana was observed (Figs. 1A, C) . In particular, leaf disks treated with Fe, Al, Zn and Cu exhibited a marked decrease in chlorophyll content.
Long-term tolerance of C. merolae to high concentrations of metal ion was examined. The color of cultures with Zn, Mn and Ni ions turned gradually pale green during cultivation. The chlorophyll a contents were measured within each culture at 40 and 70 d after transfer to the medium with metal ions (Fig. 2A) . Control cells were found to have about 8 mg chlorophyll a per 1 ml culture, whilst cells from Fe, Al, Cu and Ni containing media contained 4-7 mg chlorophyll after 40 d. These four cultures were similarly green. Cells from the Zn and Mn containing cultures, which visibly turned pale green during culture, were found to contain only 1-2 mg chlorophyll a per 1 ml culture. After 70 d, the chlorophyll contents of cells from control, Cu, Al and Fe containing cultures were more or less the same or higher when compared with results after 40 d of culture. On the other hand, cultures with Zn, Mn and Ni had tuned into pale yellow or white. Cells were rarely found to contain chlorophyll ( Fig. 2A) . The viability of cells from 70 d cultures was investigated (Fig. 2B ). Auto fluorescence of the chloroplast was used as an index for viability (survival rate). The survival rate of cells was almost in proportion to chlorophyll content. Nevertheless, in cultures containing Mn, Zn and Ni which showed only traces of chlorophyll, results suggested that 10-20% of cells were still alive.
The cell structure and chlorophyll fluorescence of the chloroplast within 70 d cultures were observed (Fig. 3) . Cells from control cultures were 1-1.5 mm in diameter of the major axis with round shaped chloroplasts (Figs. 3A, H) . The shape of cells from Al (Figs. 3B, I ) and Cu (Figs. 3C, J) treated cultures were a long gourd-shape with oval chloroplasts. Cells from Fe treated medium were dumbbell-shaped with round chloroplasts; and some chloroplasts did not emit the auto-fluorescence typical of chlorophyll (Figs. 3D, K) . Cells from Mn (Figs. 3E, L) and Zn (Figs. 3G, N) treated culture were also dumbbell-shape with shrunken chloroplast, and most did not emit auto-fluorescence typical of chlorophyll. The cells of Ni containing culture were a round shape with flat chloroplasts which emitted auto-fluorescence typical of chlorophyll (Figs. 3F, M) . 
Discussion
C. merolae inhabits extreme environments for a eukaryote, including strongly acidic and high temperature environments. Such conditions facilitate the dissociation of metal salts to generate free ions. Although C. merolae requires various metal ions as trace elements for cellular processes including photosynthesis, the excess of free metal ions in such environments produces toxic reactive oxygen species. C. merolae was shown to exhibit high tolerance at the cell level for high concentrations of metal ions compared with the model plant A. thaliana (Fig. 1) . Thus it is suggested that mechanisms for modifying the concentration of metal ions must be found within the cytoplasm.
C. merolae encode various metal transporter genes in their genome (Matsuzaki et al. 2004 , Hanikenne et al. 2005 . These metal transporters seem to mainly function within the plasma membrane, vacuoles and organelles (mitochondria and chloroplasts). Thus it seems that these cellular compartments play important roles in metal homeostasis and tolerance. C. caldarium cells contain electron-dense bodies. These have been found to contain high levels of metals such as Fe, Al and Zn where these metals have been in excess in the culture medium (Nagasaka et al. 2004) . C. merolae also possesses single membrane-bound organelles in the cytoplasm, similar to those of C. caldarium (Kuroiwa et al. 1994) . Recently, vacuoles in C. merolae have been identified and characterized in detail . They possess fundamental characteristics of typical vacuoles, in that they are single membrane-bound, lytic and acidic organelles. Dual labeling with 4,6-diamidino-2-phenylindole (DAPI) and LysoTracker indicated that each vacuole contained polyphosphate. Electron spin resonance analysis indicated that such polyphosphate acts as a ligand for metal ions in the electron dense bodies in C. caldarium (Nagasaka et al. 2003) . It is thus suggested that the vacuoles (electron dense-bodies) of C. merolae also perform an important role in metal ion tolerance. Organelles which became stained with a high concentration DAPI were observed in cells of C. merolae cultured with aluminum, 10 d after addition of the metal (data not shown). High tolerance to ions of Al and Cu has been found to be common in both C. merolae and C. caldarium. On the other hand, excessive quantities of Mn, Ni and Zn ions markedly affected the structure and function of chloroplasts with an impact on survival. The implications of further investigations into metal tolerance in these species are profound. The determination of detailed molecular mechanisms for metal ion tolerance, based on genome information in C. merolae, may provide a fundamental metal resistance system common to eukaryotes. In addition, such a resistance mechanism may be applied to bioremediation or the genetic construction of land plants with the metal ion tolerance.
